Pair instabilities in supernovae might prevent the formation of black holes with masses between ∼ 50M and ∼ 130M . Multiple generations of black-hole mergers provide a possible way to populate this "mass gap" from below. However this requires an astrophysical environment with a sufficiently large escape speed to retain merger remnants, and prevent them from being ejected by gravitationalwave recoils. We show that, if the mass gap is indeed populated by multiple mergers, the observation of a single black-hole binary component in the mass gap implies that its progenitors grew in an environment with escape speed vesc 50 km/s. This is larger than the escape speeds of most globular clusters, requiring denser and heavier environments such as nuclear star clusters or disks-assisted migration in galactic nuclei.
I. INTRODUCTION
The masses of binary black holes (BHs) observed so far by the LIGO and Virgo gravitational-wave (GW) detectors show some evidence for a pile-up between 30 and 45 M , as well as a cut-off above ∼ 45 M [1] . Sharp cutoff features can be more easily extracted from the data [2] [3] [4] , thus providing clean opportunities to constrain the underlying astrophysics. A leading explanation for the presence of a mass cutoff at ∼ 45 M are pulsational pair-instability supernovae and pair-instability supernovae in massive stars [5, 6] . These processes are associated with severe mass loss [7] , which reduces the masses of BHs formed from stellar collapse. Astrophysical models including pair instabilities predict a sharp drop in the number of detected binary BHs with individual masses 40-50 M [8-11] , the precise threshold being quite uncertain (see e.g. [12] for a review).
A few mechanisms have been proposed to fill this "upper mass gap" (a "lower mass gap" may also exist between the most massive neutron stars and the least massive BHs [13] ). For instance, older, more massive population III stars might produce more massive remnants, but they are expected to form only a small fraction of all LIGO/Virgo detections [14] [15] [16] . Even if stellar collapse limits BHs to masses below ∼ 45M , sources might appear more massive because of gravitational lensing [17, 18] , but there is no compelling evidence of lensing signatures in the GW signals observed so far [19] .
In this work we will focus on the possibility that the mass gap could be filled by multiple generations of mergers. As BHs merge, they form heavier remnants. If these remnants pair with other BHs and generate GWs, they could potentially provide a detectable population of binaries with one or both component masses in the mass gap. Globular clusters and nuclear star clusters have both been invoked to give rise to multiple generations of BH mergers [20] [21] [22] [23] [24] [25] [26] [27] . Large gaseous disks surrounding supermassive BHs could also provide favorable environments: stellar-mass BHs embedded in such disks are expected to be affected by migration traps, which provide a natural mechanism to produce multiple mergers [28] [29] [30] . Runaway collisions in clusters have long been considered a leading formation channel for intermediate-mass BHs [31] [32] [33] [34] [35] .
GW signals from multiple-generation BHs might present unique signatures and could potentially be disentangled from the rest of the population [21] . Second-generation BHs are expected to have higher masses -potentially populating the mass gap -and a characteristic spin distribution peaked at ∼ 0.7 [21, 22, 36] . These findings led to the speculation that the heaviest event to date, GW170729, might contain a second-generation BH [37, 38] .
An astrophysical environment can produce multiplegeneration GW events only if merger remnants from the previous generations are efficiently retained. Because of asymmetric GW emission, merger remnants can have substantial recoil speeds (or "kicks") [39] [40] [41] [42] . Remnant BHs will be efficiently ejected unless the escape speed of the environment matches typical kicks at merger [23, 43] . In other words, if multiple-generation BHs populate the mass gap, the escape speed of their birthplace must be sufficiently small. In this paper we quantify this statement, showing that observations of GW events in the mass gap provide a lower limit on the escape speed of their environment.
II. THE MODEL
Consider a collection of N BHs, that for simplicity we will call a cluster. In this toy model, a cluster is simply an environment with constant escape speed v esc : we do not necessarily refer to specific astrophysical settings, such as globular clusters, young star clusters or nuclear star clusters. We randomly choose two BHs from the cluster and we estimate the properties of their merger remnant using fitting formulae to numerical-relativity simulations: we compute the final mass as in Ref. [44] , the final spin as in Ref. [45] , and the kick using the expression collected in Ref. [46] following [47] [48] [49] [50] [51] . These formulae are evaluated assuming isotropic spin directions. If the recoil velocity of the remnant BH is greater than v esc the merger product is removed, otherwise it is left in the cluster. We iterate this procedure and randomly extract pairs of BHs until less than two objects remain.
First-generation BHs are injected into the cluster with masses distributed according to p(m) ∝ m γ , and dimensionless spin magnitudes distributed uniformly in [0, χ max ]. Crucially, we assume the presence of a mass gap and restrict the initial BH masses to m ∈ [5, 50]M . We choose γ = −2.3 as expected from the Kroupa initial mass function [52] and used to model GW event rates [53] .
The pairing probability (i.e., how BHs in the cluster choose their partners) is a key ingredient of the model. We explore two possibilities:
• Random pairing: we randomly pick two BHs from the cluster with uniform probability, i.e. p pair (m 1 , m 2 ) = const.
• Selective pairing: we assume a pairing probability
Selective pairing favors mergers with m 1 m 2 , as predicted for mass-segregated clusters and currently supported by the data [54] .
Every time two BHs merge, their GW signal could potentially be detected. We pair each merger with a redshift value z extracted uniformly in comoving volume and source-frame time, i.e. p(z) ∝ (dV c /dz)/(1 + z). This is a simple prescription to average over a large number of clusters at different redshifts. We then estimate the probability of detection p det (m 1 , m 2 , z) as in Ref. [55] [56] [57] [58] [59] [60] [61] [62] . We set a signal-to-noise-ratio threshold of ρ thr = 8 [63] , computed assuming a single LIGO instrument at design sensitivity [64] and the waveform model of Ref. [65] for nonspinning BHs (Refs. [58, 66, 67] showed that spins have a marginal effect on p det unless strong alignment is present, which is not our case). The probability p det corresponds to the (unnormalized) detection rate, allowing us to estimate detector selection effects on the GW events resulting from our model.
For each cluster, we define p gap to be the fraction of component masses in the mass gap weighted by the detection rate p det .
III. RESULTS
To summarize, our toy model has four main parameters:
• the escape speed of the cluster v esc , • the largest injected spin χ max ,
• a pairing prescription, random or selective,
• the initial number of objects N .
For each choice of these parameters, we simulate several clusters to decrease counting errors. Figure 1 shows the detectable distribution of component masses for some of our models. Multiple generations of mergers allow BHs to leak into the mass gap. As expected, clusters with higher escape speeds retain more BHs and populate the mass gap more efficiently. Besides the number of systems in the gap, the escape speed affects also the slope of the mass spectrum in that region: larger (smaller) values of v esc yield steeper (shallower) spectra. In principle, a very large number of observations could allow us to measure the slope, hence v esc . On the other hand, the shape of the mass spectrum below the mass gap (5M < m 1 , m 2 < 50M ) is only mildly dependent on the escape velocity v esc .
In Fig. 2 we analyze the contribution of different generations of merging BHs to the mass and spin distributions in a representative case (v esc = 200 km/s, χ max = 0.5, and selective pairing). We find that ∼ 50% of the BHs belong the first generation of mergers (1g+1g). BHs part of binaries where only one of the two components had a previous merger (1g+2g) constitute ∼ 30% of the detectable population, but do not appreciably fill the mass gap. On the contrary, roughly half of the 2g+2g population is found in the mass gap. This a direct consequence of selective pairing: large BHs from subsequent generations are more likely to pair with other heavy merger remnants. About 10% of the component masses results from mergers of generation higher than two (≥ 3g). Component masses > 100M (i.e. twice the assumed cutoff) contribute to only 0.5% of the detection rate.
Spin measurements are a distinguishing feature of multiple-generation mergers, because merger remnants are, on average, rapidly rotating. As shown in Figure 2 , binaries with at least one merger remnant (1g+2g, 2g+2g, ≥ 3g) do indeed have a broader distribution for the socalled effective spin χ eff [68] [69] [70] . The symmetry of the effective-spin distributions about χ eff = 0 reflects our assumption that spin directions are isotropic before merger, as expected in dense environments, where GW sources form dynamically.
The probability of retaining BHs inside clusters, hence filling the mass gap, depends on the magnitude of BH kicks. Figure 3 median of ∼ 765 km/s. The relative contribution of the low-and high-kick modes of the distribution depends on the escape speed: if v esc is small (large), low (high) kicks are more likely. Figure 4 shows our main result: a single BH binary merger observation with a component BH in the mass gap places a lower limit on the escape speed of its environment.
The probability of detecting BHs in the mass gap is strongly correlated with v esc . For random pairing, we find that p gap 2% for v esc 100 km/s. The constraints are less stringent for the (presumably more realistic) case of selective pairing: we find p gap 2% for v esc 50 km/s, unless spins are fine tuned to be very small. This is because selective pairing implies that m 1 m 2 , so the remnants of first-generation mergers receive kicks O(10) km/s. For χ max 0 and selective pairing, most second-generation BHs are retained in the cluster and populate the mass gap, even if v esc is very low. However, this is a rather fine-tuned scenario: already with spinmagnitude uniformly distributed between 0 and χ max = 0.2 we find p gap 2% for v k 30 km/s. Note that all of our assumptions on the spin magnitude are compatible with current observations, even for large values of χ max : the distributions are always strongly peaked at χ eff = 0 and symmetric about χ eff = 0 (cf. Fig. 2) .
Finally, Fig. 5 shows that the probability p gap of detecting a BH in the mass gap converges very rapidly with the number of BHs in the cluster. As expected, p gap is small for very small values of N (p gap = 0 in the limit N = 2), but it is roughly constant for N 10 3 . All of our results assume N = 5 × 10 3 , and in this sense they can be regarded as conservative. 
IV. DISCUSSION
We use a simple model to relate the fraction of GW events with component BH masses in the mass gap to the escape speed of their astrophysical environment. Assuming that stellar collapse does indeed produce a BH mass spectrum with an upper cutoff, we find that only environments with low escape speeds allow for multiple mergers to populate the mass gap. In particular, a single GW observation with M 50M would point towards an astrophysical environment with v esc 50 km/s. This lower limit exceed the escape speed of most globular clusters [23, 43] , requiring environments with larger escape speeds (such as galactic nuclei).
The mass gap can be more efficiently populated if firstgeneration BHs have small or zero spin. This is consistent with, e.g., the model of Ref. [27] , where all BHs formed from stellar collapse are assumed to be nonspinning, and found to be retained in some globulars. However, this is a rather fine-tuned scenario: we find that even a small fraction of spins with magnitude χ∼ 0.2 is enough to efficiently deplete clusters.
The simplicity of our model requires care in interpreting our results. First, we assumed environments with constant escape speed, while in reality the ejection probability depends on the merger location inside the cluster. However BHs are (on average) heavier than other stellar populations, and by mass segregation they should preferentially populate the cluster's central region, where a constant escape speed is a reasonable approximation. Second, we only considered ejections due to BH recoils. Dynamical interactions and natal kicks may be more efficient than gravitational recoils at expelling BHs from clusters. In this sense, our lower limit on v esc is conservative. Third, we neglect time delays between the various merger gen-erations and the redshift evolution of the cluster. Even if merger remnants are retained, clusters may not have time to assemble multiple generations of mergers. This is also a conservative assumption, which lowers p gap . Time delays might help us to distinguish populations of mergers in the observed catalog [21] , as higher-generation BHs will be found at lower redshifts.
The pairing probability is perhaps the most crucial ingredient of our model. We implemented a prescription for selective pairing, where BHs are more likely to form binaries with companions of similar masses. This scenario is well motivated by mass segregation in cluster dynamics, and tenatively favored by GW data [1, 54] . Selective pairing turns out to be a conservative assumption when estimating the escape speed, lowering the limit on v esc by about a factor of 2 compared to the more simplistic assumption of random pairing.
In conclusion, detections of BH mergers with component masses 50M challenge our current understanding of stellar collapse in massive stars. If explained by the assembly of two or more smaller BHs, such GW events would provide a conservative lower limit on the escape speed of the merger's astrophysical environment.
